INTRODUCTION
Pratylenchus penetrans (Cobb) infects many crops such as alfalfa, bean, cabbage, carrot, celery, chickpea, clover, cowpea, cucumber, faba bean, groundnut, lentil, lettuce, pea, potato, radish, spinach, squash, sorghum, strawberry and tobacco (Castillo and Vovlas, 2007) and therefore is considered as one of the most important nematode pests. Since it is known that there is a significant correlation between the population density of P. penetrans in soil and the degree of damage to the host (Castillo and Vovlas, 2007; Sato et al, 2009) , reliable and rapid identification and counts of the causal agent are critically important for successful management of this nematode pest.
Recently, DNA analysis has been used to identify and quantify soil nematodes (Madani et al., 2005; MacMillan et al., 2006; Sato et al., 2007; Toyota et al., 2008) and to assess nematode community structure (Sato et al., 2006; Okada and Oba, 2008; Donn et al., 2008) . For these studies, nematodes must first be extracted from soil by the Baermann methods using funnels and trays, which are time-consuming and yield a recovery rate of around 50% (Ingham, 1994) . Yan et al. (2008) reported that a single juvenile of P. neglectus (Rensch) or P. thornei Sher and Allen present in 1 g of soil was detected by PCR. However, it is known that the comparatively low abundance of soil nematodes and their patchy spatial distribution requires extraction from larger soil volumes to achieve a representative sample (Donn et al., 2008) . In addition, a study on the quantification of the slug parasitic nematode Phasmarhabditis hermaphrodita (Schneider) by real-time PCR suggested that their DNA could hardly be extracted from small (1 g) soil samples owing to insufficient digestion/disruption of the thick double cuticle of the P. hermaphrodita dauer larvae (MacMillan et al., 2006) . We previously reported a direct quantification method, consisting of soil compaction and real-time PCR, for the soybean cyst nematode Heterodera glycines Ichinohe from 20 g of soil (Goto et al., 2009) . In this method, most cysts and eggs of H. glycines are destroyed by the compaction and their DNA is released from cysts with rigid barrier. A study on the pore size distribution of compacted and non-compacted soils revealed that pore volumes larger than several micrometers were preferentially decreased by compaction (Iain M. Young and Karl Ritz, personal communication). As the width of the nematode body is almost the same as the pore size, this suggests that not only cysts and eggs, but also the vermiform nematodes would be destroyed by compaction and could be quantified by the method consisting of compaction and real-time PCR. The Quantitative detection of Pratylenchus penetrans from soil by using soil compaction and real-time PCR A combination method consisting of soil compaction and real-time PCR was developed to quantify Pratylenchus penetrans in soil. When five andosols and three gray lowland soils naturally infested with P. penetrans were compacted and used to quantify P. penetrans, the threshold cycle (Ct) values were always lower compared with those in non-compacted soils. Furthermore, Ct values were not obtained in some cases and standard errors were sometimes large. To avoid these problems, a DNA extraction method was newly developed and used to quantify P. penetrans in the two naturally infested soils. We obtained Ct values two to four times lower in the modified method than those in the original method. When known numbers of second-stage juvenile (J2) P. penetrans were added to 20 g samples of non-infested andosols and gray lowland soils, which were then compacted, and DNA was extracted by the modified method, there were highly significant correlations (r 2 = 0.993 and r 2 = 0.965, respectively) between the Ct values and the number of J2s added. The detection limits for P. penetrans in 20 g of soil were 10 and 25 individuals for gray lowland soil and andosol, respectively. To improve the detection limit, the DNA extraction method should be further modified. Nematol. Res. 40 (1), 1-6 (2010 
MATERIALS AND METHODS
The effects of soil compaction on the detection of P. penetrans by real-time PCR:
Five andosols and four gray lowland soils infested with P. penetrans were collected in December 2008 from radish cultivation fields in Kanagawa and Aichi Prefectures, respectively. The population densities of P. penetrans were 50, 31, 18, 10.7, and 4.3 individuals per 20 g of fresh soil in the andosols and 125, 100, 50, and 17 individuals per 20 g of fresh soil in the gray lowland soils. These population densities were estimated by the Baermann method (two days, room temperature, three replications).
Soil was compacted following the method by Goto et al. (2009) . Twenty grams of fresh soil put into a 50-ml soil sampling core cylinder (2.5 cm height) was compacted to 1.4 g/cm 3 with a manually-operated soil compactor (Daiki Rika Kogyo Co., Ltd., Konosu, Japan) (three replications). The compacted soils were removed from the cylinder and mixed well with TE buffer at a ratio of 1:1 (w/w) by using a homogenizer (AUTO CELL MASTER CM-200, AS ONE Corporation, Tokyo, Japan) at 15,000 rpm for 10 min. Then, DNA was extracted from 0.5 g of the mixed soil by the method of Sato et al. (2007) and finally suspended in 100 µl of TE buffer. The extracted DNA was used as a template for real-time PCR after 10-fold dilution (Griffiths et al., 2000) .
Real-time PCR was performed by using a Step One Real-Time PCR System (Life Technologies Japan, Tokyo, Japan) in a final volume of 10 µl containing 5 µl of Fast SYBR Green Master Mix (Life Technologies Japan, Tokyo, Japan), 5 mM of each primer (NEGf: 5 , -ATT CCG TCC GTG GTT GCT ATG -3 , , NEGr: 5 , -GCC GAG TGA TCC ACC GAT AAG -3 , , Sato et al., 2007) , and 2 µl of template DNA under the manufacturer's recommended conditions (95 for 20 sec, (95 for 3 sec and 62 for 30 sec) 40 cycles). As controls, non-compacted soils were mixed well with TE buffer and DNA was extracted by the same method as described above.
The effects of air-drying and long term storage on the quantification of P. penetrans:
An andosol infested with P. penetrans, collected from a radish cultivation field in Kanagawa Prefecture, was airdried with an electric fan (water content: 9.2%). The airdried soil was put into plastic bottles, stored for 0, 7, 30, 90, 150, and 240 days at room temperature (23 to 25 ), and 40 1 2010 7 then subjected to soil compaction and the original DNA extraction method after each storage period. As a control, the fresh soil was also compacted.
Newly developed DNA extraction and purification method: The DNA extraction method by Sato et al. (2007) was modified in this study to improve the yield and quality of template DNA for PCR. The following method was finally chosen, with the modifications underlined. Soil (0.5 g airdried soil) was put into a 2-ml tube with 0.75 g of zirconia beads (0.1 mm in diameter) and 0.25 g of glass beads (0.5 mm in diameter), and 800 µl of lysis buffer (0.5% SDS, 100 mM Tris, 50 mM EDTA, pH 8.0), 100 mg of skim milk, and 5 µg of salmon DNA (Wako Pure Chemical, Tokyo, Japan) were added. The soil was bead-beaten 2 times at 5,000 rpm for 1 min each, followed by centrifugation (12,000 g for 5 min). Then, 700 µl of the supernatant was transferred to a new 2 ml tube, and 377 µl of 5 M NaCl and 270 µl of 10% CTAB were added to the tube. After a10-min incubation at 60 , 500 µl of chloroform was added, and the tube was centrifuged at 12,000 g for 20 min. The supernatant was transferred to a new 2 ml tube, 500 µl of chloroform was added, and the tube was centrifuged at 12,000 g for 20 min. The supernatant was then mixed with 300 µl of 20% PEG solution and centrifuged at 20,350 g for 20 min at 4 to collect DNA as a pellet. The DNA pellet was washed with 70% ethanol, air-dried, and suspended in 100 µl of TE buffer. A part of the DNA solution (20 µl) was purified with a MonoFas ® DNA purification kit I (GL Sciences Inc., Tokyo, Japan). The DNA was diluted 10-fold and used as a template in real-time PCR. Ct values were compared using DNA extracted by the original and modified methods from 20 g samples of two kinds of naturally infested andosols (soil 1: 29 P. penetrans; soil 2: 50 P. penetrans, determined by the Baermann funnel method).
The relationships between the population density of P. penetrans in soil and Ct values:
An andosol collected from Kanagawa Prefecture and a gray lowland soil collected from Aichi Prefecture in September 2008 were fumigated with chloroform for 24 hr at room temperature to ensure that P. penetrans was present in soil as a form that would not be extracted by the Baermann method. After fumigation, the soils were incubated for 1 week at 28 to decompose DNA released from cells destroyed by the fumigation and then air-dried. Twenty grams of the air-dried soil was mixed with different numbers (andosol: 1, 10, 25, 100, 250, 500, and 1,000 individuals; gray lowland soil: 10, 100, and 1,000 individuals) of P. penetrans containing a mixture of second-and 2010 third-stage juveniles and adult males and females. The P. penetrans vermiforms cultured on carrot callus were a gift from Dr. Uragami. The soils were air-dried again immediately after the inoculation of P. penetrans and then compacted. Twelve and three replications were made for the andosol and gray lowland soil, respectively. The compacted soils were mixed well in TE buffer 1:1 (w/w) with a homogenizer. DNA was extracted from 0.5 g of the mixed soils by the modified method described above, diluted 10-fold, and used as a template in real-time PCR.
Statistical analysis: Significance of correlation coefficient and differences among mean values were analyzed by correlation analysis, t-test, and one-way or two-way ANOVA protected by Fisher's range test (P < 0.05) using the software Excel Statistics 2002 (Social Survey Research Information Co., Ltd., Tokyo, Japan).
RESULTS

The effects of soil compaction on the detection of P. penetrans by real-time PCR:
In andosols with 50 and 31 individuals of P. penetrans per 20 g of soil, the Ct values were significantly lower with soil compaction than without soil compaction (t-test, P < 0.05) ( Table 1) . Ct values were not determined in some cases for the soils infested with 18, 10.7, and 4.3 individuals of P. penetrans per 20 g of soil, and there were no significant differences between the compacted and non-compacted soils. But the average values obtained tended to be always lower in the compacted soils.
In gray lowland soils, the Ct values with compaction were significantly lower than without compaction (two-way ANOVA, P < 0.05).
The effects of air-drying and long-term storage on the quantification of P. penetrans:
Ct values were compared between differently pre-treated soils (air-dried and untreated) before compaction. The Ct value of the air-dried soil was 28.5 0.2 (mean SE), while that of the untreated soil was 29.8 1.3. When untreated soil was compacted, sometimes water oozed out during compaction.
The Ct values of soils stored at room temperature for 0, 7, 30, 90, 150, and 240 days after air-drying were 28.3 0.1, 28.7 0.9, 28.3 0.5, 28.9 0.6, 28.8 0.6, and 30.7 0.4, respectively (Fig. 1) . The Ct value of the soil 240 days after air-drying was significantly higher than those of the other stored samples (ANOVA, P < 0.01).
Comparison of Ct values between the original and modified method:
A. Andosol The Ct values were compared between the original DNA extraction method (Sato et al., 2007) and the modified method by using two naturally P. penetrans-infested andosols. In soil 1, the Ct value for the original method was 31.5 1.5 and that for the modified method was 29.3 0.4 (Table 2) . In soil 2, the Ct value (32.5 1.1) for the original method was significantly (two-way ANOVA, P < 0.05) higher than that (28.6 0.2) for the modified method. The relationship between the population density of P. penetrans in soil and Ct values: When 25, 100, 250, and 1,000 P. penetrans vermiforms were added to 20 g samples of andosol, Ct values for the soils were 33.0 0.5 (mean SE), 31.4 0.3, 30.7 0.4, and 28.9 0.3, respectively (n = 12). There was a highly significant correlation (r 2 = 0.993, P < 0.001) between the number of nematodes added and the Ct values (Fig. 2) . When 1 and 10 P. penetrans vermiforms were added to the 20 g andosol samples, however, the Ct values were not detected in 5 out of 12 replications and 3 out of 12 replications, respectively.
In a gray lowland soil, with 10, 100, and 1,000 P. penetrans vermiforms added to 20 g samples, the Ct values for the soils were 31.6 0.2 (mean SE), 29.9 0.3, and 26.5 0.2, respectively (n = 3). There was a highly significant correlation (r 2 = 0.965, P < 0.001) between the number of nematodes added and the Ct values (Fig. 2) .
DISCUSSION
In our previous study, a combination method of soil compaction and real-time PCR was developed to quantify the soybean cyst nematode Heterodera glycines, which exists in soil mostly as eggs contained in cysts (Goto et al., 2009 ). The present study demonstrated that this method is applicable to the root-lesion nematode P. penetrans, which exists mostly as vermiforms, i.e., second-and third-stage juveniles and male and female adults. The Ct values in the compacted soils were consistently lower by 0.8 to 3.6 than those in the non-compacted andosols and gray lowland soils used in this study, although significant differences were observed only in two out of five and two out of four soils, respectively. This result might be due to high variations among replicates and missing data. For the gray lowland soils, two-way ANOVA showed that the Ct values in Fig. 1 
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Error bars indicate standard error. **: P < 0.01, one-way ANOVA the compacted soils were significantly (P < 0.05) lower than those in the non-compacted soils. These results suggest that the detection efficiency for P. penetrans vermiforms in soil was improved by soil compaction, but that the efficiency and consistency of the DNA extraction method must be further improved for better PCR results. Large variations in the Ct values among replicates in the above experiment might be partly due to the use of fresh soils, not air-dried. When untreated soils were compacted, some water oozed out during compaction in some cases. In this case, P. penetrans vermiforms or DNA derived from the nematode could have oozed out of the soil with the water. The comparison of the Ct values between air-dried and fresh soils revealed that the coefficient of variation was lower in the air-dried soil (1.1%) than in the fresh soil (7.3%). In addition, DNA originated from P. penetrans was stably detected until five months after air-drying, with no significant differences in the Ct values among the different storage periods after air-drying. However, the Ct value of the soil stored for eight months after air-drying was significantly higher than that of the soil stored for just 1 hr (0 day after air-drying), suggesting that DNA might remain stable in air-dried soil no longer than five months at room temperature.
The DNA extraction method was modified in this study, by including the addition of salmon semen DNA and skim milk, decreasing the EDTA concentration in the lysis buffer, and adding a column purification, etc. When DNA was extracted from soils by the original and modified methods and used as templates for real-time PCR, the Ct values in the template DNA extracted by the modified method were significantly lower than those by the original method (two-way ANOVA, P < 0.05). Thus, it was suggested that the DNA extraction efficiency was improved by modification of the DNA extraction method. In addition, variation among replicates also became smaller in the modified method (SD = 0.38 to 0.68) than in the original method (SD = 1.88 to 2.63).
There was a significant correlation between the Ct values obtained with the modified method and the number of P. penetrans in 20 g of andosol (r 2 = 0.993, P < 0.01) and gray lowland soil (r 2 = 0.965, P < 0.01), suggesting that quantification of P. penetrans in soil by the compaction and real-time PCR method might be feasible based on the Ct values. The two types of soils, however, gave different Ct values even though they contained the same density of P. penetrans. Goto et al. (2009) suggested that the degree of inhibition in the PCR reaction or the binding of DNA to soil particles might differ depending on the soil type. Therefore, different calibration curves should be required for different 5 Nematological Research Vol. 40 No. 1 July, 2010 types of soil when the combination method of soil compaction and real-time PCR is applied for the detection of plant-parasitic nematodes. In andosol, the Ct values were not detected in some replicates of the soils to which 1 and 10 individuals of P. penetrans were added per 20 g of soil, although they were always detected in the 20 g soil samples with more than 25 individuals of P. penetrans. The Ct detection ratios were 58% and 75% for the 20 g soil samples with 1 and 10 individuals of P. penetrans, respectively. Khanna and Stotzky (1992) reported that when DNA was adsorbed to clay particles, more was bound at lower DNA concentrations. This may be a reason for the inefficient detection of P. penetrans at the lower densities.
The damage to radish incurred by P. penetrans was observed in some soils even with only two individuals of P. penetrans measured per 20 g of soil, based on the Baermann funnel method . For diagnosis, as it is known that the extraction efficiency by the Bearmann funnel method is 50% (Ingham, 1994) , four individuals of P. penetrans should be detected with high precision and consistency. Therefore, we need to further improve the DNA extraction method in order to detect P. penetrans in soil at low population densities, and this may lead to minimal differences in the calibration curves among different soils.
Attention should also be paid that a mixture of P. penetrans juveniles, adult males and females is used to make the calibration curves in this study. Our previous study showed that Ct values for an individual P. penetrans varied depending on the growth stage: it was lower for the adult stage than for the juvenile stages. Therefore, the absolute number of P. penetrans individuals in field soils, which contain different stages, may be different from the estimated number based on the calibration curves (Fig. 2) .
